The best-documented example for transmission distortion (TD) to normal offspring are the t haplotypes on mouse chromosome 17. In healthy humans, TD has been described for whole chromosomes and for particular loci, but multiple comparisons have presented a statistical obstacle in wide-ranging analyses. Here we provide six high-resolution TD maps of the short arm of human chromosome 6 (Hsa6p), based on single-nucleotide polymorphism (SNP) data from 60 trio families belonging to two ethnicities that are available through the International HapMap Project. We tested all approximately 70 000 previously genotyped SNPs within Hsa6p by the transmission disequilibrium test. TagSNP selection followed by permutation testing was performed to adjust for multiple testing. A statistically significant evidence for TD was observed among male parents of European ancestry, due to strong and wide-ranging skewed segregation in a 730 kb long region containing the transcription factor-encoding genes SUPT3H and RUNX2, as well as the microRNA locus MIRN586. We also observed that this chromosomal segment coincides with pronounced linkage disequilibrium (LD), suggesting a relationship between TD and LD. The fact that TD may be taking place in samples not selected for a genetic disease implies that linkage studies must be assessed with particular caution in chromosomal segments with evidence of TD.
Introduction
Transmission distortion (TD), also termed transmission ratio distortion or segregation distortion, is defined as a departure from Mendel's law of independent segregation of alleles. Causes of TD are numerous, and they include meiotic drive, gametic selection and postzygotic viability selection for or against particular genotypes.
1,2 TD has been observed in several species such as Neurospora, Drosophila and mouse, 3 and has been particularly well documented for mouse t haplotypes. These haplotypes are structural variants encompassing large segments of mouse chromosome 17 that are under extreme TD in wild mouse populations. Heterozygous males preferentially transmit the chromosome bearing t haplotypes, in up to 99% of the cases, to their offspring. 4 However, as homozygosity for t haplotypes is either lethal or causes sterility, and also because heterozygous males seem to suffer from a reproductive disadvantage when compared with wild-type males, 5 the frequency of t haplotypes is maintained constant (15 -25%) in wild mouse populations. 4 -6 Although the mechanisms underlying overtransmission of t haplotypes are now relatively well understood, 7 no such insight has been gained so far in humans.
There are several studies reporting the presence of TD in selected regions of the human genome, 8 -16 yet most of them are based on families that had been selected for the presence of a particular disease. The question whether TD in these cases is related to the disease, or if it is a disease-independent phenomenon, cannot be answered when an investigation focuses on affected subjects or has its controls within affected families. As shown by at least two reports, 17, 18 if a particular locus is normally subject to TD in the general population, and this fact is ignored in a linkage study investigating that locus (eg, an investigation of excess allele sharing among affected sibs), then this kind of 'background TD' might represent a substantial bias in such analyses. The reason for this possible bias is simple, as most linkage studies rely on the assumption that transmission of alleles of a given heterozygous locus takes place according to Mendelian inheritance, so that both male and female offspring have the same chances of inheriting both the alleles. The HapMap project 19 -21 offers a resource of data on genetic variation from four human populations that were not selected for a genetic disease. The data available for two ethnicities -CEU (North American residents with Northern and Western European ancestry) and YRI (Yoruba from Ibadan, Nigeria) -are based on mother -father -adult child family trios, making them adequate for testing TD. The issue of TD has so far been addressed in studies with these trios only very briefly in a supplement to one of the HapMap articles, and it was concluded that, although the inheritance of some single-nucleotide polymorphisms (SNPs) indicated the existence of TD, none achieved whole genomic statistical significance. 20 A principal obstacle in these studies concerns the problem of multiple comparisons, which results in a lack of substantial statistical power when a large number of markers are tested against a null hypothesis. Here, we addressed this issue by using tagSNPs, that is, SNPs that capture information of SNP haplotypes due to linkage disequilibrium (LD), thereby lowering the number of polymorphic markers under study. During the preparation of this paper, new populations were added to the current HapMap release. However, as data are still preliminary and not yet phased, we decided to keep analyses restricted to CEU and YRI. Using the CEU and YRI trios, the aim of our study was to apply tagSNPs in the course of an investigation of the presence of TD on the short arm of human chromosome 6 (Hsa6p). This region is largely syntenic to that segment of mouse chromosome 17 which harbors t haplotypes. Both chromosomal regions comprise also the major histocompatibility complex, with a multitude of genes participating in immune recognition, 22 female choice and reproductive success. 23 -26 Preliminary evidence for TD on Hsa6p has been obtained in the low-resolution study of Zöllner et al.
27
The results of our analysis show that the model approach of assessing TD chosen here has the potential to overcome limitations of earlier TD studies. It permitted us to identify a region on Hsa6p that is subject to TD in males of European ancestry.
Materials and methods

HapMap data
All data analyzed in this study were downloaded from the HapMap server on 9 February 2008 and correspond to HapMap phase II genotypings in public release 23, with genomic coordinates based on the NCBI Build 36. The haplotypes had been generated (phased) within the HapMap project, and phasing of haplotypes for ambiguous loci (eg, triple heterozygosity in a given locus within a family trio) was solved based on LD data. In total, 30 CEU family trios and 30 YRI family trios, comprising 180 Hsa6p haplotypes in each population, were analyzed. More information on subjects, samples, genotypings and phasing algorithm is given elsewhere.
20,21
Statistical analysis To quantify TD, we applied the transmission disequilibrium test (TDT) 28 Tagging was performed with a maximum intermarker distance of 500 kb, a coefficient of determination of r 2 ¼ 0.8 and considering a minor allele frequency (MAF)Z0.15. The latter was chosen because all markers with a MAF less than 0.15 are not variable enough for TD to be detectable, being thus 'invisible' to the TDT tests. To assure that a tagSNP would represent a genomic region of a minimal size and not only itself (or a too low number of other markers), we selected a total of six different sets of tagSNPs, differing only in the minimum number of markers (k) that a tagSNP had to 'capture'. For example, for k ¼ 5, only tagSNPs found able to 'capture' information of at least five SNPs (itself and four others) were selected. By lowering k, more tagSNPs are necessary to cover Hsa6p, but independence between tagSNPs may decrease, and the genomic region captured by one given tagSNP is smaller. In contrast, by increasing k, the distance and independence between neighboring tagSNPs increase substantially, and tagSNPs represent broader genomic regions, having the disadvantage that the actual physical coverage (the percentage of chromosomal length covered by a given set of tagSNPs) decreases. We chose tagSNP assemblies considering k ¼ 1, 2, 5, 10, 20 and 30. The parameters chosen for tagSNP selection were relatively strict and assured that the remaining LD between neighboring tagSNPs was very low (see Supplementary Figure S1 ). 
Results
Transmission distortion plots TD plots for Hsa6p in the CEU population are shown in Figure 1 . They are divided into father-specific, motherspecific and parent-unspecific components ( Figure 1a -c, respectively). Corresponding TD plots for the YRI population, in the same grouping, are given in Figure 2 . The six plots are based on the uncorrected P-values of transmission/disequilibrium tests for each locus, and provide a visual reference for TD across Hsa6p in both populational groups. We also produced three TD plots regarding the SNPs that are common to YRI and CEU (Supplementary Figure S2) . For dynamic visualization of the results in the genomic context of the HapMap genome browser (www.hapmap.org), we tabulated the results of TD tests in an electronic text file (Supplementary File S3) that can be integrated into the HapMap browser either locally or through the internet. In this manner, the results of our study can be visually and interactively compared with many other annotated features of the genome such as coding and regulatory regions, results of disease association studies, recombination rates and LD patterns. TagSNPs were selected from all six data sets, and permutation tests were applied to each of the six assemblies of tagSNPs (Table 1 ). For four of these k-values (from 2 to 20), the tests indicated statistically significant evidence for TD among CEU fathers, in a region corresponding to band 6p21.1, at a distance of 45 Mb from the telomere (Figure 1 ). The TD peak matches a 730 741-bp wide genomic region (715 CEU SNPs), comprising the whole reading frames of the loci SUPT3H and MIRN586, as well as the upstream region and four exons of RUNX2. This chromosomal segment is depicted in detail in Figure 3 . Àlog 10 (P-values) of the transmission/disequilibrium tests in each SNP, whereas the smoothing black lines refer to averages of these same results in sliding windows (400 SNPs wide, stepping 10 SNPs after each measurement). Indications for selected cytogenetic bands are given under (c), but apply for all panels.
Transmission distortion in the HapMap Hsa6p PSC Santos et al
After correction for multiple comparisons, no statistically significant evidence for TD was found for any other samples than CEU fathers (other results not shown). In fact, analysis of the SUPT3H -MIRN586 -RUNX2 (S -M -R) region of CEU mothers revealed a tendency for a compensating under transmission of alleles over transmitted by fathers in 92 loci (eg, SNP rs6899845: out of 17 heterozygous fathers, 16 transmit the A allele and only 1 transmits the C allele, whereas 7 out of the 11 heterozygous mothers transmit the C and 4 transmit the A allele). Moreover, isolated SNPs in the S -M -R region do show evidence of TD among YRI fathers (see Discussion), and TD remains suggestive in the YRI/CEU combined fatherspecific analysis, even though TD does not 'resist' correction for multiple comparisons (Supplementary Figure S2) . Figure 3 provides information on SNP density (Figure 3b ) and further loci contained in the chromosomal segment around SUPT3H and RUNX2 (Figure 3c ), a close-up view of the results from the CEU father-specific TDT (Figure 3d ) and an LD plot based on the same SNPs tested here (Figure 3e) . None of the above-mentioned 715 CEU SNPs encode a non-synonymous amino-acid exchange.
Our observations can be illustrated through the following example: tagSNP rs2677101 is located in the abovementioned region, and it represents (tags) the information of six SNPs. Regarding this marker, 17 out of the 18 heterozygous fathers transmit the G allele, whereas only one heterozygous father transmits the A allele. This corresponds to a (father-specific) TDT statistics of 14.22 (odds ratio ¼ 17; P ¼ 0.0002). To check for possible phasing bias on the original data, we tested TD again considering only the SNPs for which transmission was absolutely indisputable, and re-phased the segment comprising the mentioned 715 CEU SNPs. As results (not shown) were fully compatible with the original data, but implicated the removal of some families, we performed further analyses considering the original HapMap phasing.
Haplotypes of the S-M-R region
Aiming to test whether the transmission pattern on the S -M -R region corresponded to specific haplotypes of . This is why the yellow background is wider above the bar than below it, although it highlights the same genomic region.
the whole region, we performed phylogenetic analyses on its markers, considering the 60 CEU father haplotypes. After removal of S -M -R region-homozygous subjects (fathers having both their haplotypes clustering together in the phylogeny), the resulting phylogenetic tree revealed that the remaining 24 haplotypes occur in two major groups (Supplementary Figure S4) , one consisting typically (10 out of 12 times) of transmitted and the other of non-transmitted haplotypes.
Discussion
The preliminary evidence for an excess of allele sharing among siblings regarding chromosome 6, 27 and the extensive synteny between its short arm and mouse chromosome 17 35 with its collection of t haplotypes, suggests the presence of TD encompassing Hsa6p in healthy humans as well. The TD plots shown in this study provide an overview of TD, pinpointing loci with evidence of skewed segregation rates within the CEU ( Figure 1 ) and YRI (Figure 2 ) populations. Although many loci in all six plots appear to be under TD with Àlog 10 (P-value)Z2.0, statistical significance in all cases but one is lost after correction for multiple comparisons. By choosing representative collections of tagSNPs, the problem of multiple comparisons could be overcome, as shown by the simulations that yield statistical significance for CEU father-specific TD at the S -M -R region. It is difficult to quantify the observed results with one single, global P-value, due to the internal structure of the investigated sample (high number of markers related to each other by LD, giving rise to haplotype blocks of variable sizes). We believe, however, that the optimal set of tagSNPs to test for TD corresponds to a k size lying somewhere between the two extremes 1 (good coverage of Hsa6p, but too many single SNPs and short-ranging haplotypes are included in the analysis) and 30 (long-ranging haplotypes, but too few SNPs are included, resulting in low coverage of Hsa6p). This is precisely the span in which significant P-values were observed (Table 1) . At this interval of k, our approach leads to plausible significance levels that provide an impression of how unexpected our findings are.
The important advantage of performing permutation tests on tagSNPs is that we can reasonably reduce the data. Moreover, in close analogy to the Moving Block Bootstrap for time series, tagSNPs can be considered independent. This assumption leads to a more powerful method, because it enables to permute haplotypes instead of whole chromosomal set of markers, as proposed in the Monte Carlo procedure by McIntyre. 32 TD is expected to exert a strong selective force, leaving drastic footprints in the genomic LD landscape. As shown for t haplotypes, 4 TD implies suppression of recombination, and the emergence of a strong and well-delimited LD block. This is in accordance with the strong LD that we observed within the haplotype block determined by the S -M -R region. To test the correspondence between TD and LD in other contexts, we systematically tested LD in the region around eight markers previously reported to be under TD 10 dependent on grandparental origin of alleles. Even though we could not test TD in a similar way as the original study, 10 and did not detect TD for these eight markers in the HapMap trios, in fact, with the exception of one marker (which was not tested due to dubious location in genomic coordinates), all others were found to be located within strong and well-delimited haplotype blocks (see Supplementary Figure S5 for the LD plots). TD may thus be actively shaping the human LD landscape, as its presence within a given genomic region will drive the non-random inheritance of a combination of alleles, thereby giving rise to the emergence of LD. The only plausible explanation for the TD difference found between CEU and YRI is the strong discrepancy regarding allelic frequencies, which leads to the observation that many SNPs under TD in CEU lacked statistical power in YRI due to low MAF. This is illustrated by the fact that 26% of the CEU SNPs with an MAFZ5% are monomorphic in the YRI panel.
Apart from the MIRN586 locus, which specifies a microRNA precursor 36 and might thus play a regulatory role, the S -M -R region contains two genes that encode transcription factors. The human SUPT3H locus gives rise to the transcription factor Spt3, which is a subunit of two GCN5 histone acetyltransferase-containing coactivator complexes: STAGA (SPT3-TAF9-GCN5 acetylase) and TFTC (TBP-free-TAF complex), 37 both involved in histone acetylation, chromatin remodeling and transcriptional regulation. 37, 38 In contrast, much more is known about RUNX2.
Its product, Runx2, is essential for chondrogenesis, osteogenesis, tooth formation and hematopoiesis. 39 -42 By contributing to the retention of gene expression patterns after mitosis, Runx2 participates also in the epigenetic regulation of specific genes during cell division. 43, 44 In addition, a recent study found expression of Runx2 in testis and sperm of mice, suggesting a role in the male reproductive system. 45 The promoter region of SUPT3H
and both known promoters of RUNX2 are responsible for alternative isoform expression. 46 These regulatory regions are located within the chromosomal segment covered by the 715 SNPs that are subject to CEU male-specific TD. The possibility that the two different haplotype groups identified through the phylogenetic analysis (Supplementary Figure S4 ) might correspond to an alternative isoform expression of these two genes (Figure 3c ) is intriguing, and would, if confirmed, deliver a hint to the biological role of TD in the S -M -R region. Two association studies addressing the transmission of SNPs of RUNX2 within families have recently been published. The first 16 focused on affected trios from four populations, and found evidence of linkage of many SNPs in RUNX2 with cleft lip, but only when parent-of-origin effects were considered (which is indicative of genomic imprinting). We obtained evidence that most of these 11 SNPs can be subject to skewed transmission ratios as well, but only among YRI fathers (Supplementary File S3) . In the second study, 15 genotyping of four markers (two linked to each promoter of RUNX2, P1 and P2) in Caucasian families showed them to be associated with hand bone phenotypes. In our study, the two P1-linked markers show a tendency toward TD both among CEU fathers (P ¼ 0.0075 and 0.0023) and among YRI parents (parent unspecific, P ¼ 0.0736 and 0.0164). In case of the two P2-linked markers, only one was present in the HapMap, and we found it to be under TD among CEU fathers (P ¼ 0.0016). It remains currently undetermined whether the TD in CEU fathers, which we observed in our study, has the potential to influence the outcome of the two above-mentioned studies. 15, 16 If this holds true, one would expect that the excess of maternal transmission observed by Sull et al 16 might be even more pronounced than already found to lead to the 'disappearance' of the CEU paternal 'background TD' (the generally present TD, independent of phenotype) in the RUNX2 region. The absence of coding, non-synonymous polymorphisms among the markers found to be under TD points to the importance of regulatory regions (such as P1 and P2), 15, 46 or to a role for the product of the MIRN586 gene. SNP variants within introns, potential regulatory regions or open reading frames of unknown function have already been associated with phenotypic traits in other studies. 47 The involvement of Spt3 and Runx2 in chromatin remodeling and/or epigenetic regulation is suggestive of imprinting, but is still poorly explored. The presence of TD in loci subject to genomic imprinting has already been discussed and reported for many human genes. 1, 8, 10 Naumova et al 10 discuss their findings on TD of loci known to be imprinted from the point of view that TD (grandparental origin dependent) results possibly from the loss of embryos carrying genes for which imprinting marks were incorrectly reset. De Villena et al 1 propose an alternative way of understanding genomic imprinting, discussing a tight relationship between epigenetics, imprinting and TD. In this study, we suggest adding LD to this group of phenomena that are apparently in constant interaction. Finally, the presence of two attributes reinforces the evidence that TD is relevant for the S -M-R region. First, both the high number of analyzed markers and the limited number of subjects make wide-ranging searches like the one carried out here unlikely to identify loci in which the level of TD is low, although regions worthy of follow-up may be pinpointed. 48 Second, the fact that the HapMap families have been selected based on large sibship might represent a bias against the presence of TD, as large families are expected to have fewer spontaneous abortions as compared with the general population. 18 The fact that we did observe TD, despite these two forces acting against its detection, provides further support for its existence, at least in CEU fathers. However, as we did not find sufficient evidence for compensating TD among CEU mothers, it remains enigmatic how heterozygosity for the loci within the S -M -R region is maintained in the population. A possibly comparable situation exists for t haplotypes on mouse chromosome 17. 4 An explanation for the co-existence of wild-type and t haplotypes has only recently been provided, in the territorial behavior of male mice: heterozygous males show impaired ability to maintain their territories, leading to a significant reproductive disadvantage when compared with males homozygous for the wild-type haplotype. 5 Although several questions remain unanswered, 49 the results of our study contribute to an understanding of the dynamics of LD in the human genome, and may be seen as a first step toward a genomewide study of TD in healthy individuals. In particular, our approach reveals that the statistical problem of multiple comparisons can be circumvented when carefully chosen tagSNPs are considered instead.
